Introduction {#Sec1}
============

*Cryptocaryon irritans* is one of the most important protozoan pathogens of marine fish, causing the white spot disease and posing a significant problem to marine aquaculture due to its widespread distribution, indiscriminate host specificity, and high level of virulence (Cheung et al. [@CR2]; Yoshinaga and Dickerson [@CR25]; Burgess and Matthews [@CR1]; Diggles and Lester [@CR8]; Colorni and Burgess [@CR5]; Jee et al. [@CR15]; Hirazawa et al. [@CR13]; Yambot et al. [@CR24]; Luo et al. [@CR18]). It invades the skin, eyes, and gills of marine fish, impairing the physiological function of these organs. *C. irritans* is capable of killing large numbers of fish in a short time and has a serious impact on aquaculture.

The conventional approaches for the detection and diagnosis of *C. irritans* infection include morphological identification and histopathology (Colorni [@CR3], [@CR4]; Xu et al. [@CR22], [@CR23]; Diggles and Lester [@CR9], [@CR10]; Diggles [@CR7]), but these methods have limitations in that they cannot differentiate closely related taxa such as *C. irritans* and *Ichthyophthirius multifiliis*. A range of studies have demonstrated that polymerase chain reaction (PCR)-based approaches, utilizing the first and/or second internal transcribed spacers of nuclear ribosomal DNA (ITS-1 and ITS-2), can be used for species-specific identification and detection of a number of parasite groups (Solaiman et al. [@CR19]; Zhu et al. [@CR27]; Furuya et al. [@CR12]; Zhu et al. [@CR28]; Huang et al. [@CR14]; Traversa et al. [@CR21]; Liu et al. [@CR17]; Yoshida et al. [@CR26]; Zhu et al. [@CR29]). Recent studies have demonstrated that intra-specific variation in the ITS rDNA among *C. irritans* isolates was low (Diggles and Adlard [@CR11]; Sun et al. [@CR20]) and that the ITS sequence of *C. irritans* was significantly different from that of *I. multifiliis*, indicating that the ITS sequence also provides species-specific markers for the development of diagnostic assay for *C. irritans* (Sun et al. [@CR20]).

This information provided a basis for the present study, the objective of which was to develop specific PCR assays, targeting the ITS rDNA region for the specific detection and diagnosis of *C. irritans* infections in marine fish.

Materials and methods {#Sec2}
=====================

Ciliate samples and DNA extraction {#Sec3}
----------------------------------

The *C. irritans* used in the present study was maintained by serial passage on *Traohinotinae ovatns* in our laboratory (Dan et al. [@CR6]). Other ciliates were obtained from several other laboratories shown in Table [1](#Tab1){ref-type="table"}. The ciliate samples used were suspended in 70% ethanol and stored at −20°C until required for DNA extraction. Table 1*Cryptocaryon irritans* and other ciliate samples used in this studySpeciesSource*Cryptocaryon irritans*Our own laboratory*Pseudokeroronpsis rubra*ARLOUC*Pseudokeroronpsis carnae*ARLOUC*Pseudokeroronpsis flava*ARLOUC*Euplotes* sp. 1MBSIOC*Ichthyophthirius multifiliis*DMMPUGAGA30602-7371*Pseudourostyla cristata*SKLBSLSSYU*Paramecium caudaium*SKLBSLSSYU*ARLOUC* Aquaculture Research Laboratory, China Ocean University; *MBSIOC* Marine Biological Specimen Museum, Institute of Oceanology, Chinese Academy of Sciences; *DMMPUGAGA30602-7371* Departments of Medical Microbiology and Parasitology, University of Georgia, Athens, GA 30602-7371, USA; *SKLBSLSSYU* State Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University

Genomic DNA was extracted as described previously (Li et al. [@CR16]; Sun et al. [@CR20]). DNA samples were stored at −20°C until PCR amplification. Genomic DNA from single *C. irritans* was obtained using the following freeze-thawing protocol. Individual *C. irritans* were placed in clean Eppendorf tubes, and then the Eppendorf tubes were plunged into liquid nitrogen for 3 min, and then thawed rapidly in 84--94°C water bath for 3 min. Then the tubes were immediately replaced to liquid nitrogen for 3 min. This freeze-thawing step was repeated three times. Then the liquid in the tube was used for PCR amplification directly.

Design of species-specific primers and optimization of specific PCR assays {#Sec4}
--------------------------------------------------------------------------

Based on the comparison of the ITS-1 and ITS-2 sequences of *C. irritans* with that of other related ciliates, a species-specific reverse primer, S15, was designed between sequence positions 45--69 bp in the ITS-2 for *C. irritans* (Fig. 2 in Sun et al. [@CR20]; also see GenBank™ accession numbers DQ270008-270014). This primer was used with the conserved forward primer P1 to amplify the partial 18S, ITS-1, 5.8S rDNA, and the partial ITS-2 of *C. irritans*, expecting to produce a DNA fragment of 541 bp. Similarly, for *I. multifiliis*, a specific forward primer S01 was designed in the ITS-1 (sequence positions 159--181 bp), a reverse specific primer S02 was designed in the ITS-2 (sequence positions 33--57 bp) (Fig. 2 in Sun et al. [@CR20]; also see GenBank™ accession numbers DQ270015-270016) to amplify the partial ITS-1, complete 5.8S rDNA, and partial ITS-2, and the length of the amplified DNA fragment was estimated to be 280 bp. PCR primers used in this study are listed in Table [2](#Tab2){ref-type="table"}. Table 2PCR primers used in this studyPrimer nameSequenceReferenceP15′-GTTCCCCTTGAACGAGGAATTC-3′Yoshinaga and Dickerson [@CR25]NC25′-TTAGTTTCTTTTCCTCCGCT-3′Sun et al. [@CR20]S155′-TGAGAGAATTAATCATAATTTATAT-3′The present studyS015′-GTACTTTATTTAGGAGGAGGACT-3′The present studyS025′-TGTTTAACGAGAGAAAATCATAAAT-3′The present study

The PCR conditions for specific amplification of *C. irritans* ITS rDNA were optimized for specificity by varying the annealing temperatures and magnesium concentrations. The *C. irritans*-specific primer set was also evaluated for its specificity using heterogeneous species of ciliates (Table [1](#Tab1){ref-type="table"}) as controls. The specificity of one representative amplicon produced using the *C. irritans*-specific primer set was verified by directly sequencing it.

Specific amplification of ITS rDNA {#Sec5}
----------------------------------

To verify the efficacy of the genomic DNA isolated from the "control" ciliates and clinical isolates (Table [1](#Tab1){ref-type="table"}), PCR was performed to amplify the ITS and 5.8S rDNA plus primer flanking 18S and 28S rDNA sequences using the universal primer set P1/NC2 (Sun et al. [@CR20]).

For the specific amplification of ITS rDNA from *C. irritans*, PCR reaction was performed in a final volume of 50 µl containing template DNA, 10 mM Tris--HCl, 50 mM KCl, 3 mM MgCl~2~, 200 µM dNTPs, 0.5 pmol of each primer, and 2.5 U *Taq* polymerase (Takara) in a thermocycler (Biometra) under the following optimized amplification conditions: an initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s (denaturation); 53°C for 30 s (annealing) and 72°C for 1.5 min (extension), followed by a final extension at 72°C for 5 min. Two microliters (5--10 ng) of genomic DNA was added to each PCR reaction. Samples with host (fish) DNA and without DNA (no-DNA controls) were included in each PCR run as controls. An aliquot (5 µl) of each amplicon was examined in 1% agarose gels, stained with ethidium bromide, and photographed using a gel documentation system (UVItec).

Determination of sensitivity for the specific PCR assay {#Sec6}
-------------------------------------------------------

The sensitivity of the specific PCR assay for *C. irritans* was estimated by serial dilution of genomic DNA from pooled *C. irritans.* To evaluate the efficiency of the *C. irritans*-specific PCR assay for the detection of individual *C. irritans*, DNA from single *C. irritans* was obtained by the freeze-thawing protocol and then it was used for nested PCR amplification as following. Firstly, the DNA samples were subjected to a conventional PCR amplification using primer set P1/NC2 and 1 µl of the primary amplicon was subjected to a second PCR amplification using the specific primer set P1/S15. The experiment was repeated three times.

Detection of *C. irritans* from infected water by specific PCR assay {#Sec7}
--------------------------------------------------------------------

To evaluate whether the specific PCR assay could detect *C. irritans* in the infected seawater, a simulation protocol was carried out in the laboratory. Healthy fish free of *C. irritans* were exposed to *C. irritans* infections and the fish were successfully infected. Then, 1,000 ml seawater was randomly collected from the tank containing the infected fish. The water was firstly filtrated with a 300 mesh sieve to remove the impurity, 1 ppm formalin was added into the water to kill *C. irritans*, and then the *C. irritans* was harvested by centrifugation at 10,000 rpm for 5 min. The supernatant was removed and the pelleted material was used for DNA extraction as described above, following the freeze-thawing protocol. Then the extracted DNA was used for amplication by the nested PCR protocol. The uninfected seawater was used as negative control.

Results and discussion {#Sec8}
======================

As expected, the conserved primer set P1/NC2 primers amplified ITS rDNA from all of the samples used in the present study (Table [1](#Tab1){ref-type="table"}), but no amplicons were obtained from fish DNA (Fig. [1](#Fig1){ref-type="fig"}a).

The specific PCR protocols achieved optimality by varying the annealing temperatures and titrating the magnesium concentrations. The optimal annealing temperature was 53°C and the optimal magnesium concentration was 3 mM for the *C. irritans-*specific PCR assay.

By using *C. irritans*-specific primer set P1/S15 under optimized conditions, an amplification product of the expected size (approximately 540 bp) was amplified from *C. irritans* DNA (Fig. [1](#Fig1){ref-type="fig"}b). No amplification products were observed from any other DNA samples and from negative control containing no DNA. Fig 1Agarose gel electrophoresis of PCR products amplified using conserved primer set P1/NC2 (**a**), *Cryptocaryon irritans*-specific primer set P1/S15 (**b**), and *Ichthyophthirius multifiliis*-specific primer set S01/S02 (**c**). *Lanes 1* and *11* represent a DNA size marker. *Lanes 2* to *9* represent *C. irritans*, *Pseudokeroronpsis rubra*, *Pseudokeroronpsis carnae*, *Euplotes* sp. 1, *I. multifiliis*, *Pseudourostyla cristata*, *Paramecium caudaium* (cf. Table [1](#Tab1){ref-type="table"}), and host (fish) DNA, respectively. *Lane 10* represents no-DNA control

Given that *I. multifiliis* causes white spot disease in fresh water fish, which is quite similar to that in marine fish caused by *C. irritans*, a specific primer set S01/S02 for *I. multifiliis* was also designed and this primer set amplified DNA from *I. multifiliis* only (Fig. [1](#Fig1){ref-type="fig"}c).

To mimic the natural actual condition, a mixture of *C. irritans* and *I. multifiliis* DNA was used as template to evaluate the specific primers for *C. irritans* and *I. multifiliis*. A clear band of approximately 540 bp was produced for *C. irritans* only and another band of approximately 280 bp for *I. multifiliis* (Fig. [2](#Fig2){ref-type="fig"}), demonstrating that the established specific PCR assays could differentiate *C. irritans* from *I. multifiliis*. Fig 2Agarose gel electrophoresis of PCR products amplified from mixed genomic DNA of *C. irritans* and *I. multifiliis*. *Lanes 1* and *7* represent a DNA size marker. *Lane 2* presents the mixture of *C. irritans* and *I. multifiliis* DNA amplified using the primer set P1/S15 and *lane 3* represents the genomic DNA of *I. multifiliis*. *Lane 4* represents the mixed genomic DNA of *C. irritans* and *I. multifiliis* amplified using the primer set S01--S02. *Lane 5* represents the genomic DNA of *C. irritans* using the primer set S01--S02. *Lane 6* represents no-DNA control

One representative amplicon produced using the specific PCR primer set for *C. irritans* was sequenced with corresponding primers and proved to be partial ITS of *C. irritans* (data not shown), demonstrating the specificity of the primers, cycling conditions, and the PCR. The smallest amount of DNA detectable for *C. irritans*-specific PCR assay was 45 pg (Fig. [3](#Fig3){ref-type="fig"}) and the nested PCR assay could detect DNA from single *C. irritans* following the freeze-thawing protocol (not shown). Fig 3Evaluation of the sensitivity of the specific PCR assay for *Cryptocaryon irritans* (primer set P1/S15) by agarose gel electrophoresis. *Lanes 1* and *13* represent a DNA size marker. *Lane 2* represents DNA undiluted (450 ng/µl), and *lanes 3* to *11* represent *C. irritans* DNA diluted for 1:50 (9 ng/µl), 1:100 (4.5 ng/µl), 1:200 (2.25 ng/µl), 1:400 (1.13 ng/µl), 1:800 (0.56 ng/µl), 1:10^3^ (0.45 ng/µl), 1:10^4^ (45 pg/µl), 1:10^5^ (4.5 pg/µl), and 1:10^6^ (0.45 pg/µl), respectively. *Lane 12* represents no-DNA control

The specific PCR assay was then used to detect *C. irritans* contained in the infected seawater simulated in the laboratory. As shown in Fig. [4](#Fig4){ref-type="fig"}, specific PCR products were amplified from all of the six infected water bodies examined by the nested PCR and no products were obtained from the negative and no-DNA controls. These findings demonstrated that the PCR assays for *C. irritans* were specific and sensitive, allowing the detection of single *C. irritans.*Fig 4Agarose gel electrophoresis of PCR products amplified from the simulated water body using *Cryptocaryon irritans*-specific primer set P1/S15. *Lanes 1* and *10* represent a DNA size marker, *lanes 2* to *7* represent *C. irritans* from the infected water, *lane 8* represents the uninfected water, and *lane 9* represents no-DNA control

Primer design is the crucial step in the development of PCR assays for the specific identification and detection of parasites. In the present study, the specific reverse primer for *C. irritans* was designed in the ITS-2 based on its published ITS sequences, because previous studies have proven that ITS sequences provide reliable species-specific markers for a range of parasites groups. The results reported herein clearly demonstrated that the *C. irritans*-specific primer pair was able to distinguish *C. irritans* from other closely related ciliates.

To ensure the sufficient sensitivity of the specific PCR assay, a nested approach was adopted for the detection of single *C. irritans* and for *C. irritans* in infected seawater. For this purpose, the ITS rDNA was firstly amplified by the conserved primer set P1/NC2, followed by secondary amplification of the primary amplicon by the specific primer set P1/S15. This nested approach allowed the detection of single *C. irritans*.

The white spot disease caused by *C. irritans* is considered the most important parasitic disease of marine fish. It is well known that *C. irritans* increases by orders of magnitude with each round of replication and its life cycle is a direct one requiring no intermediate host, which can quickly overwhelm fish in a few days under mariculture. Given the significant importance of *C. irritans* infection in fish health and mariculture, rapid identification of the pathogen is the prerequisite for the diagnosis and prevention of further spread of the infection. Therefore, the established specific PCR assays should provide useful tools for the accurate identification and detection of *C. irritans* infection.

In conclusion, the present study demonstrated that the specific (nested) PCR assays are useful for the identification and detection of *C. irritans*. They should provide rapid and reliable tools that can be used directly by diagnostic laboratories and should have important implications for the prevention and epidemiological investigation of *C. irritans* infections in marine fish.
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